Previously, we have described a template-assisted combinatorial peptide library based on the anti-tryptic reactive site loop of a Bowman-Birk inhibitor (BBI). Sequences that displayed inhibitory activity re-directed towards chymotrypsin were found to have a consensus binding motif, with their most striking feature being that exclusively threonine was found at the P 2 position. The present study investigates the reason for this surprising speci®city by maintaining the binding motif but systematically varying the P 2 residue. From analysis of 26 variants, it is found that the requirements for inhibitory activity at P 2 are ®nely tuned, and in agreement with the library work, threonine at P 2 provides optimal inhibition. In addition, peptides with threonine at P 2 are signi®cantly less susceptible to hydrolysis. Examination of all available BBI sequences shows that threonine is very highly conserved at P 2 , which implies that the functional requirement extends to the full-length BBI protein. Our results are consistent with a dual requirement for hydrophobic recognition within the S 2 pocket and maintenance of an inhibitory conformation via hydrogen bonding within the reactive-site loop. As the isolated peptide loop reproduces the active region of full-length BBI, these results explain why threonine is well conserved at P 2 in this class of inhibitor. Furthermore, they illustrate that proteinase inhibitor speci®city can have characteristics that are not easily predicted from information on the substrate preferences of a proteinase.
Introduction
Inhibition by serine proteinase inhibitor proteins is often mediated by an exposed reactive site that is ®xed in a characteristic``canonical'' conformation, thought to be similar to that of a productively bound substrate (Laskowski & Kato, 1980; Bode & Huber, 1992) . The sequence of the reactive site determines the speci®city of the inhibition, which frequently mirrors the speci®city of proteinases for their substrates. The conformation is stabilised by many intramolecular interactions between residues¯anking the reactive site and the inhibitor core. Unlike a good substrate, however, the energy barrier for hydrolysis is large and unfavourable, resulting in low rates of hydrolysis (Laskowski & Kato, 1980; Read & James, 1986; Longstaff et al., 1990) . For most inhibitor proteins, disulphide bonds and/or extensive hydrogen bond networks maintain the structure of the canonical loop. For example, the Bowman-Birk family of serine proteinase inhibitors (BBIs) are small proteins (6 to 9 kDa) with a symmetrical structure of two tricyclic domains, each containing an independent binding loop (Ikenaka & Norioka, 1986; Chen et al., 1992; Werner & Wemmer, 1992a; Lin et al., 1993) . The stability and inhibitory activity of all members of this family has been attributed to the conserved disulphide bridging pattern (Ikenaka & Norioka, 1986) . BBIs are unusual, as they can form a complex with two separate proteinases, typically allowing simultaneous inhibition of chymotrypsin and trypsin. These activities can be separated by fragmentation using a combination of cyanogen bromide and pepsin (Odani & Ikenaka, 1973) . Each proteinase binding domain has the same general structure, and is typically contained within a nonapeptide region joined via a disulphide between anking cysteine residues. Synthetic cyclic peptides that incorporate this nonapeptide motif retain inhibitory activity (Nishino et al., 1977; Terada et al., 1978) , and are thought to have the same reactivesite loop structure as full-length BBI protein (Li et al., 1994; Pavone et al., 1994) .
Using molecular graphics and least-squares ®t-ting, Chen et al. (1992) have demonstrated that the co-ordinates for the reactive loop of BBI (PI-II) can be superimposed with a member of the Kazal family, PSTI and the Kunitz family, BPTI. The chymotrypsin-binding loop of BBI is also very similar to the binding loop conformation of potato chymotrypsin inhibitor-I, turkey ovomucoid inhibitor third domain and barley chymotrypsin inhibitor-II (Werner & Wemmer, 1992b) . In each case, the only common structural feature is the conformation of the reactive site, the cores of the inhibitors being quite different.
The mechanism of action of canonical inhibitors is well established, and the identity of the P 1 residue is considered to be the main determinant of speci®city. Redirection of inhibitory activity by site-directed mutagenesis (Longstaff et al., 1990; Lu et al., 1997) semi-synthesis and peptide synthesis (Nishino et al., 1977; Terada et al., 1978; Favel et al., 1989; Domingo et al., 1995) at this locus have been described. This preference is dependent on the type of substrate or inhibitor (Longstaff et al., 1990) , and therefore re-directing inhibitor speci®city might bene®t from a more extensive series of changes. One approach to achieve this has been provided by phage display libraries, which have principally been applied to members of the Kunitz family (Roberts et al., 1992; Markland et al., 1996a,b) . We have recently used a synthetic combinatorial protocol to create a library of potential inhibitors (McBride et al., 1996) . Such an approach has the advantage of allowing incorporation of non-proteinogenic amino acids, but is complicated by the complexity of natural inhibitor proteins. Indeed, one goal of inhibitor research has been the reduction in size and simpli®cation of these proteins to their minimal structural elements (Wenzel & Tschesche, 1995) . Our library employed an 11 amino acid residue cyclic peptide template (McBride et al., 1996) derived from the anti-tryptic loop domain of the Bowman Birk inhibitor MAI-D4 (Maeder et al., 1992) . In our studies, this template was used to create a``one bead, one peptide'' library (Furka et al., 1991; Lam et al., 1991) in which three locations considered important for proteinase recognition were varied (P 1 , P 2 and P 2 H ). The incorporation of one of 20 possible residues at each locus generated a library with 8,000 different components. When this library was screened for re-directed activity against chymotrypsin, active sequences were found to contain exclusively threonine at the P 2 site. The P 1 site had phenylalanine and tyrosine, with leucine, isoleucine and norleucine found at P 2 H (McBride et al., 1996) . Although the preference for aromatic residues at P 1 is consistent with the substrate preference of chymotrypsin (Schellenberger et al., 1991) , the sequences obtained at the other locations were less predictable, and it was particularly striking that exclusively threonine was found at the P 2 location.
In order to evaluate further what features of the P 2 locus are necessary to the properties of the peptide mimetic, we have undertaken a systematic analysis of 26 P 2 variations of the consensus chymotrypsin-binding motif: cyclic SCXFSIPPQCY (P 2 position shown in bold, cyclised via a disulphide between the Cys residues). Our results allow us to infer why, in BBI loops, a P 2 Thr residue is extremely well conserved. They also allow an evaluation of the results obtained from screening a peptide library.
Results

Effect of P 2 variation on K i
Using the consensus sequence (cyclic SCTFSIPPQCY; P 2 residue in bold, cyclised via formation of an intramolecular disulphide) found for re-directed activity of the anti-tryptic loop towards chymotrypsin, a range of P 2 variants was synthesised. Initially, all the amino acids present in the original library were tested and the individual K i values that were derived are listed in Table 1 . It is found that variation at P 2 results in K i values differing over three orders of magnitude, and ranging from 19 nM to almost 100 mM.
In the light of the K i values obtained, a further series of analogues was synthesised, which probed the speci®c role of the threonine side-chain functionalities. The K i values for these peptides are listed in Table 2 .
Effects on hydrolysis rates
We have previously noted that synthetic peptides based on BBI proteins often show marked differences in the rates at which they are hydrolysed by proteinases (Domingo et al., 1995; Gariani & Leatherbarrow, 1997) . The results of the current study suggested that one factor in the role of threo-nine at P 2 was a facility to form an internal hydrogen bond. As this seemed likely to in¯uence the rate of hydrolysis, a time-course of the hydrolysis was followed for selected analogues using HPLC. Figure 1 records a hydrolysis time-course for P 2 Thr, Ser, Ala and Abu peptides. It is found that the P 2 Thr variant is the most stable to hydrolysis, and that those peptides with a b-hydroxyl function (Thr and Ser) are signi®cantly slower to hydrolyse than those where this group is deleted.
Fitting the data assuming a pseudo ®rst-order process allows the differences in hydrolysis rate constants to be compared. The ratio of the hydrolysis rate constants for the Thr, Ser, Abu and Ala peptides is found to be 1:19:170:500, respectively.
Discussion
Conservation of the P 2 residue in BBI proteins
The activity of full-length BBI protein is dependent upon interactions between the reactive site of the inhibitor and the active site of the target protease. The peptides used in the current study act by reproducing the reactive site, and so it is reasonable to infer that factors important for inhibition by these peptides will be relevant to the full protein. The converse will also apply; information about the protein should be pertinent to the peptide studies.
A large number of sequences are available for the inhibitory loops from BBI proteins, which give some indication of the importance of the P 2 residue. Table 3 gives an alignment for all currently available BBI reactive-site loop sequences that include a nine residue disulphide-linked motif{. From this comparison, it is seen that the P 2 residue is very highly conserved, with 87% of sequences having Thr at this locus. This high level of sequence conservation implies that a P 2 Thr residue is functionally important to the inhibitory properties. This is consistent with our earlier peptide library screening (McBride et al., 1996) , and All the amino acids used in the original library screening (McBride et al., 1996) were used to generate 20 different P 2 variants of the sequence SCXFSIPPQCY (cyclised via formation of an intramolecular disulphide), where X has been replaced by one of the residues listed in the Table. The K i values for chymotrypsin inhibition were determined by competitive binding studies using the chromogenic substrate N-succinyl-Ala-Ala-ProPhe-p-nitroanilide. Assays were performed at pH 7.8 in 144 mM Tris-HCl at 298 K. Standard error values for the K i values, as estimated from the data ®tting, were in each case <10%. 
NI, no detectable inhibition at concentrations up to 0.25 mM. Inhibition constants are given for P 2 variants of the sequence SCXFSIPPQCY (cyclised via formation of an intramolecular disulphide), where X has been replaced by one of the residues listed in the Table. The K i values for chymotrypsin inhibition were determined by competitive binding studies using the chromogenic substrate N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide. Assays were performed at pH 7.8 in 144 mM Tris-HCl at 298 K. Standard error values for the K i values, as estimated from the data ®tting, were in each case <10%.
{ Members of the peanut A-II family of BBI proteins have one nine-membered and one 11-membered disulphide-linked reactive-site loop, which each have distinct conformations (Suzuki et al., 1993) . For this reason, we have not included any 11-membered loop in this comparison.
Role of Threonine in the P 2 Position of BBI supports the view that the loop peptides have inhibition properties similar to those of the whole protein.
Effect of P 2 variation on K i
The initial impetus to the current study was to discover why our earlier library screening resulted in all active sequences having a P 2 threonine residue (McBride et al., 1996) . To do this, we retained the consensus sequence found for the remaining residues that were randomised in the library (P 1 Phe; H P Ile), and systematically varied the P 2 residue. The K i values found for 20 single position variants, which represent the total variation at P 2 present in our original library, are presented in Table 1 . The results con®rm a signi®cant in¯uence of the P 2 residue on inhibitory activity. Although all sequences were active inhibitors, there was variation of K i by over three orders of magnitude resulting from the substitutions. Reassuringly, the only residue identi®ed at P 2 by our earlier screening procedure, Thr, was found to give the lowest K i value (Table 1) . This explains why our earlier library studies returned exclusively Thr at this location. The sequence from the original library with the next lowest K i value, given by Ser at P 2 , is a 20-fold poorer inhibitor, which is apparently suf®cient discrimination to ensure that no P 2 Ser sequence was returned in our earlier experiments.
From the results, it is found that there is a preference for small residues at P 2 . Large aliphatic or aromatic side-chains result in relatively poor inhibitors, suggesting that they are not well accommodated in the S 2 pocket. Particularly noteworthy is the extremely poor inhibition when a negatively charged residue is present at P 2 (Asp or Glu). It is likely that the presence of these side-chains results in unfavourable electrostatic interactions with Asp102 of the catalytic triad, which is in close proximity.
The K i value for the P 2 Thr variant is only slightly higher than that of the classical soybean BBI (2-IV) for chymotrypsin (6.4 nM, Larionova et al., 1993; 13 nM, Voss et al., 1996) . This suggests that the peptide fragment retains most of the interactions that are found with the intact protein, and thus is a good model for this inhibitor.
Why is Thr the best P 2 residue?
From our results, it is found that a P 2 Thr gives the lowest K i value. To probe the reasons for this further, we synthesised a range of variants that allow more detailed examination of the contribution made by the threonine side-chain. Table 2 lists the K i values for a number of peptides that have P 2 residues related to threonine. To facilitate comparison, Table 2 also records the values for peptides containing P 2 Ala, Ser, Val and Nle, and shows the structures of the various side-chains.
The results show that the requirements for inhibitory activity at the P 2 locus are ®nely tuned. Inversion of the chiral b-carbon atom from R to S (allo-Thr) results in a very poor inhibitor, as does the replacement of L-Thr with D-Thr. Loss of either the b-hydroxyl or methyl functions of the threonine residue produces a signi®cant loss of activity. Whilst the loss of the hydroxyl gives a 6.8-fold reduction (Abu), the loss of the methyl group (Ser) gives a 21-fold reduction in activity. In the absence of the hydroxyl function, the homologous series Ala, Abu, Nva and Nle further demonstrate the requirement for a methyl group attached to the bcarbon atom. Relative to Abu, when the aliphatic side-chain is reduced in size to Ala there is an approximate fourfold loss in activity, but further increase of the alkyl length to Nva results in a twofold loss in activity. Increasing the side-chain length by a further methylene group (Nle) results in a K i value tenfold higher than that for Nva. Overall, these results indicate that the optimal aliphatic side-chain is two carbon units long. Sidechain branching generally results in reduced activity, particularly for branching at the b-carbon atom. Hence, Val has a 4.6-fold higher K i than Nva, and Ile a 10.3-fold higher K i than Nle. More substantial branching at the b-carbon atom, as found in the t-butylglycine variant, appears to be very poorly accommodated within the S 2 pocket, resulting in extremely low activity. In a similar fashion, the requirement for a b-hydroxyl group is demonstrated by comparing Ser and Hse, with a ghydroxyl group giving a K i value 6.5-fold higher than the b equivalent. Figure 1 . Time-course of chymotrypsin hydrolysis for various inhibitor peptides that differ at the P 2 position. Hydrolysis of peptides with P 2 Thr (*), Ser (&), Abu (*) and Ala (&) was performed in 144 mM Tris, pH 7.8 at 298 K. Degradation of the peak corresponding to the cyclic peptide was monitored by integration of the peak area after separation by HPLC. The data were ®tted assuming a pseudo ®rst-order process, and the continuous lines show the theoretical ®ts.
Energetics of the Thr side-chain interactions
The energetics of the interactions made by the methyl and hydroxyl functionalities of the Thr side-chain can be calculated by comparing the K i values for the Thr, Ser, Ala and Abu peptides. For pairs of inhibitors, the difference in binding free energy, ÁÁG, is related to the ratio of the two K i values as described in equation (1):
The change from Ala to Thr involves insertion of a methylene group and an oxygen atom; Abu and Ser represent stepwise introductions of these units, respectively. Comparison of the ÁÁG values for the g-methyl and b-hydroxyl interactions shows that their contributions are synergetic, i.e. the combined effect is greater than the sum of the individ- Table 3 . Sequence of the P4-P7 H region of various BBI proteins
Unless otherwise referenced, sequence data have been extracted from the University of Geneva ExPasy database (http://expasy.hcuge.ch and references therein) and the sequence identi®er code is given in the Table. The inhibitors in the ®rst group (Soybean to Erythrina) have two reactive sites that each contain a nine-membered disulphide-bonded loop (P3 ±P6 H ), and both sequences are given. The second group of sequences is from BBI proteins that have one disulphide-linked reactive site loop of nine residues, and one 11-membered loop. The 11-membered motifs have a different structure (Suzuki et al., 1993) , and so only the ninemembered loop sequence is listed for comparison.
a Tanaka et al. (1997) . b Morhy & Ventura (1987 ual parts (Figure 2) . The g-methyl interaction is worth À0.88 kcal mol À1 comparing Abu with Ala, but À1.81 kcal mol À1 when the hydroxyl group is present (comparing Ser with Thr). Similarly, the bhydroxyl group interaction accounts for only À0.21 kcal mol À1 comparing Ser with Ala, but À1.14 kcal mol À1 when the methyl group is present (Abu versus Thr). The synergetic contribution is therefore À0.93 kcal mol
À1
. The effect depends upon the stereochemistry of the side-chain, as inversion of the Thr side-chain con®guration to allo-Thr exacts a penalty of 5.07 kcal mol
.
Structural data
The above results, which indicate that important interactions are made involving both the hydroxyl and methyl groups of the P 2 Thr, can be explained in light of the available structural data for BBIs and BBI-proteinase complexes. For uncomplexed BBI, there are structures determined by X-ray crystallography (Chen et al., 1992; Suzuki et al., 1993; Voss et al., 1996) and by NMR (complete protein, Werner & Wemmer, 1992a ; reactive-site peptides, Pavone et al., 1994) In complex with trypsin, there is an X-ray structure for full-length BBI (Lin et al., 1993) , for a fragment of BBI (approximately half the molecule; Zhang et al., 1985) and for a tricyclic reactive-site loop peptide (Li et al., 1994) . All the complexed structures show essentially the same interactions and the same characteristic conformation for the reactive-site loop, which has cis-Pro at P3
H . In our structural analysis, we have used the structure reported by Li et al. (1994) , since this inhibitor most resembles our peptides. There is currently no structure of BBI bound to chymotrypsin, and so we have used structures of this enzyme in complex with two other natural inhibitors: eglin c (Frigerio et al., 1992) and turkey ovomucoid third domain. (Fujinaga et al., 1987) . These inhibitors show the typical canonical conformation, and have a P 2 Thr residue. Backbone superimposition of these three structures (Figure 3) shows a high degree of homology in the spatial arrangement of the selected residues. The interactions that are made by the P 2 Thr of the BBI loop peptide with chymotrypsin can therefore be inferred from these structures, which is illustrated in Figure 4 .
The crystal structure of the BBI-trypsin complex shows a hydrogen bond network involving the hydroxyl groups of P 2 Thr and H I Ser, and the backbone amide group of H S Gln ( Figure 5 ). This interaction is consistent with our K i and hydrolysis data (see below), both of which suggest a role for the Thr hydroxyl group. In contrast to the crystallographic data (Voss et al., 1996) , the NMR structure does not speci®cally show the P 2 Thr hydroxyl group involved in this hydrogen bonding network Figure 2 . Contributions from the g-methyl and bhydroxyl groups at the P 2 position of the inhibitor peptide. The difference in binding free energy, ÁÁG, is shown relative to the peptide having a P 2 Ala residue. The binding energy of a P 2 Thr is found to be greater than the sum of the Ser (®lled) and Abu (open) combined. The hatched area indicates the additional synergetic contribution. The interactions made by the hydroxyl and methyl portions of the threonine are stereospeci®c, as illustrated by the extremely unfavourable substitution to allo-Thr, which differs only in the chirality of the side-chain. Figure 3 . Superimposition of the residues spanning P 3 -H P from the structures of eglin c (red; Frigerio et al., 1992) and turkey ovomucoid third domain (yellow; Fujinaga et al., 1987) onto the reactive-site loop of the Bowman-Birk inhibitor (green; Li et al., 1994) . The sidechains of the P 1 and P 2 residues are shown to demonstrate that the P 2 Thr residues adopt a similar orientation in each structure. (Werner & Wemmer, 1992a) ; this would be more dif®cult to ®t with our results.
The crystal structures all show that the b-carbon atom of the P 2 residue rests against the imidazole ring of His57 (Figure 4) . Extensive branching at the b-carbon atom would be expected to be poorly accommodated, consistent with our data. The S 2 subsite in chymotrypsin is a relatively shallow hydrophobic pocket (Figure 4 ), with the P 2 Thr gmethyl group packing against the side-chain of Ile99. It seems likely that any increase in size would be poorly accommodated within the structure. Overall, the structural data are consistent with the observation that both the hydroxyl and methyl functions of the P 2 threonine residue are important for low K i , and show why no other residue (of those tested) gives such potent inhibition.
Effects on hydrolysis rates
The presence of an intramolecular hydrogen bond network involving the P 2 Thr hydroxyl group might be expected to stabilise the organisation of the reactive site ( Figure 5 ), and could in¯u-ence the rate of hydrolysis. It is well known that these peptide inhibitors are also substrates (as indeed are the inhibitor proteins), but that hydrolysis rates are relatively low. During preliminary experiments with the peptides described here, we observed that some sequences appeared to be more prone to hydrolysis than others. To examine the effect of the P 2 Thr hydroxyl group, we performed detailed hydrolysis studies on those peptides with Thr, Ser, Ala or Abu at P 2 . Comparison of these sequences should reveal the effect (if any) of the P 2 hydroxyl group on hydrolysis rates. Figure 1 shows the time-course of hydrolysis of these peptides under comparable conditions, as monitored by HPLC. It is found that sequences with a P 2 hydroxyl group are far less prone to hydrolysis than their aliphatic counterparts. This strongly suggests that the hydrogen bonding revealed in the crystal structures leads to lower rates of hydrolysis for the scissile bond. The P 2 Thr sequence is the most stable of all those tested. This observation is presumably a further reason why Thr is highly conserved at this position in BBI proteins (Table 3) , and is likely to have been a further factor in selection of sequences from our original library (McBride et al., 1996) . It is interesting to Figure 4 . Interactions between the P 2 Thr side-chain and chymotrypsin. The area around the P 2 side-chain in the complex between eglin c and chymotrypsin (Frigerio et al., 1992) is illustrated, showing the contacts between this side-chain and His57 and Ile99 of the enzyme. The backbones of the proteins are displayed as ribbons (chymotrypsin, blue; eglin c, green). The van der Waals surfaces of the interacting residues are shown dotted. Figure 5 . Structure of the reactive-site loop of BBI taken from the X-ray structure of the complex with trypsin (Li et al., 1994) . The hydrogen bonding interactions involving the P 2 Thr hydroxyl group are shown as broken lines.
Role of Threonine in the P 2 Position of BBI compare the relative contributions of interactions from the g-methyl and b-hydroxyl groups of the Thr towards K i values and hydrolysis rate constants. Loss of the b-hydroxyl group, which participates in intramolecular hydrogen bonding, results in much more rapid rates of hydrolysis, yet has only a small effect on the K i value. In contrast, loss of the g-methyl group, which makes intermolecular contacts with the proteinase, results in a lesser effect on hydrolysis rates but a more signi®cant increase in K i .
The importance of stabilising intramolecular hydrogen bonds in binding loop stability and inhibitory mechanism has been implicated by point mutations of eglin c. A single point mutation of P 1 from Leu to Arg can re-direct speci®city from elastase to trypsin (Heinz et al., 1991) . However, in an attempt to improve this redirection, a further mutation to the P 1 H from Asp to Ser resulted in a shift to substrate-like behaviour (Heinz et al., 1992) . Although NMR studies showed virtually the same conformation as the wild-type inhibitor, there were indications that the internal rigidity of the binding loop was signi®cantly weakened due to the loss of a hydrogen bond. Increased vulnerability to hydrolysis is found also for Arg50 and Arg52 mutations of CMTI-V (Cai et al., 1996) , where removal of hydrogen bonding of the loop to the protein core was demonstrated to result in increased conformational¯exibility.
Model studies have suggested that the release of processed substrate from a serine proteinase acyl intermediate requires a substantial change in the w 1 of His57 (Asbo Â th & Polga Âr, 1983; Deslongchamps, 1983; Gronenstein & Taira, 1984) . It is interesting to speculate that the close hydrophobic contact seen in the crystal structure between the P 2 Thr and the His57 imidazole ring would act to restrict such movement, and so reduce the hydrolysis rate. If this were indeed the case, it might further explain the conservation of this residue and would be consistent with our hydrolysis data.
Comparison of P 2 inhibitor and P 2 substrate specificity It is usually considered that natural proteinase inhibitors bind to serine proteinases in a substratelike manner (Laskowski & Kato, 1980; Bode & Huber, 1992; Voss et al., 1996) , and the P 1 residues of inhibitors typically follow the P 1 substrate speci®city of the protease (Lu et al., 1997) . However, the marked P 2 speci®city found for these BBI inhibitor sequences is not re¯ected in the available substrate speci®city data. In an examination of chymotrypsin speci®city towards denatured polypeptide substrates, it was found that Val, Ile, Lys and Pro in P 2 favour hydrolysis (Neil et al., 1966) . More recently, Schellenberger et al. (1991) surveyed all available quantitative data to calculate fragment contribution values (log k cat /K M ) of substrates for chymotrypsin subsites. The study, however, relied upon a rather limited range of available synthetic substrate data, and so the S 2 speci®city was poorly de®ned. In contrast to the P 1 and P 3 residues, which form hydrogen bonds with chymotrypsin (from the main-chain P 1 amide group, and the P 3 carbonyl group to Ser214 and Gly216 of the enzyme, respectively (Segal et al., 1971; Blow et al., 1972) ), proline is considered to be well tolerated in the P 2 position, since no such bond is made (Schellenberger et al., 1991) . A generalised canonical inhibitor has Pro at P 2 (Bode & Huber, 1992) ; however, there are several examples of inhibitors, including the BBI proteins, that have Thr at P 2 . There is some evidence for Thr being the preferred residue in these proteins , and substitution of the P 2 Thr in eglin c by Pro results in an elastase inhibitor with a tenfold higher K i (Heinz et al., 1992) .
Our results, therefore, suggest that the BBI inhibitor shows P 2 speci®city that is not a simple re¯ection of the enzyme-substrate speci®city. There are two factors that are involved in overall inhibitor potency: tight binding and (for peptides) the rate of hydrolysis. A good inhibitor will maximise binding (i.e. have a low K i ); it can also be advantageous to minimise hydrolysis. However, tight binding (or a low K M ) can be deleterious to enzyme catalysis, and an optimal substrate would actually maximise K M for a given k cat /K M (Fersht, 1974) . It should therefore not be too surprising if the sequences that are best for a substrate are not necessarily those that lead to the best inhibitor. This has obvious implications for inhibitor design, which often takes the optimal substrate as the starting point. Such a route would probably not have generated the best P 2 sequence for chymotrypsin inhibition in this particular study.
Conclusions
We have previously shown that a Thr residue at P 2 is exclusively selected from a randomised library derived from the reactive-site loop of BBI protein (McBride et al., 1996) . The current study con®rms that, of 26 P 2 variants tested, Thr gives both the lowest K i value and the slowest hydrolysis rate. These results account for our earlier ®ndings, and explain why a Thr residue is found at P 2 in 87% of known BBI reactive loop sequences. Examination of the available structural information shows that interactions are made with both the hydroxyl and methyl groups of the Thr, and this is why no other residue is so effective at this location.
Materials and Methods
Materials N-a-9-Fluorenylmethoxycarbonyl (Fmoc) protected amino acids and derivatives (all L-con®guration unless stated otherwise) were purchased from Novabiochem (UK) or Advanced ChemTech Europe with the following side-chain protecting groups: Abu, Ala, Arg(2,2,5,7,8-pentamethylchroman-6-sulfonyl), Asn(trityl), Asp(tBu), Cys(trityl), Gln(trityl), Glu(tBu), Gly, t-butylglycine, His (trityl), Ile, Leu, Lys(tBoc), Met, Nle, Nva, Phe, Pro, Ser(tBu), Thr(tBu), allo-Thr(tBu), D-Thr(tBu) Trp(tBoc), Tyr(tBu), Val. Dimethylformamide (DMF) and Nmethylpyrrolidone (NMP) were peptide synthesis grade from Rathburn Chemicals (Walkerburn, UK) and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa¯uor-ophosphate (HBTU) and N-hydroxybenzotriazole (HOBt) were from SNPE (Croydon, UK). Bovine pancreatic a-chymotrypsin (treated with Na-p-tosyl-L-lysine chloromethyl ketone), phenol, ethanedithiol, thioanisole, dimethylsulphoxide (DMSO), and tri¯uoroacetic acid were purchased from Sigma.
Peptide synthesis and purification
Peptides for kinetic analysis were synthesised by standard solid-phase techniques using base-labile Fmoc for the a-amino group protection (Atherton & Sheppard, 1989) with HBTU/HOBt activation (Knorr et al., 1989) as described (Domingo et al., 1995) using a Shimadzu PSSM-8 peptide synthesiser at 0.02 mmol scale with ®ve-fold excess of amino acids.
Cleavage of the peptides from the resin and deprotection of the side-chain protecting groups was performed using a mixture of 2.5% (v/v) 1,2-dithiolethane 2.5% (v/ v) water in tri¯uoracetic acid for 2.5 to 3 hours. Where the peptide contained Arg and or Met, the deprotection cocktail was 7.5% (w/v) phenol, 2.5% (v/v) 1,2-dithiolethane, 2.5% (v/v) thioanisole, 5% (v/v) water in tri¯uoracetic acid. Peptide was separated from resin, precipitated in 14 ml of ice-cold tert-methyl butyl ether (Aldrich) and collected by centrifugation. The precipitation was repeated ®ve times with fresh solvent, and the peptide was dried under vacuum over silica gel.
Disulphide bridge formation was performed using DMSO oxidation (Tam et al., 1991) as described (McBride et al., 1996) . Peptide puri®cation was performed by reverse-phase HPLC using a Gilson system with a Waters C 18 Radial Pak column (25 mm Â 10 cm, 6mm particle size) using a gradient between mobile phases of water and acetonitrile, each containing 0.1% tri¯uoro-acetic acid. All peptides were characterised by mass spectroscopy to con®rm the correct mass and were determined to be >85% pure by analytical reverse-phase HPLC (Vydac C 18 , 4.6 mm Â 15 cm, 5 mm particle size).
Inhibition kinetics
The inhibition kinetics were determined by competitive binding studies using the chromogenic substrate Nsuccinyl-Ala-Ala-Pro-Phe-p-nitroanilide (Sigma). Assays were performed at pH 7.8 in 144 mM Tris-HCl at 298 K. The active chymotrypsin concentration was determined by active-site titration with p-nitrophenyl acetate (Bender et al., 1966) and peptide concentrations by measuring absorbance at 280 nm (Edelhoch, 1967) . Substrate hydrolysis was monitored at 410 nm and substrate concentration determined by the ®nal absorbance (e 8800 M À1 cm À1 ; Erlanger et al., 1961) . Initial velocity data were ®tted using the GraFit software package (Leatherbarrow 1990 (Leatherbarrow , 1992 . K i values were corrected for substrate competition using the formula K i K i(app) (1 [S]/K M ), where K i(app) is the apparent K i for a given substrate concentration.
Hydrolysis rates
The hydrolysis of the P 2 variants Thr, Ser, Ala and Abu was measured using 20-fold excess to chymotrypsin in 144 mM Tris (pH 7.8 at 298 K). Degradation of the peak corresponding to the cyclic peptide was monitored by integration of the peak area, monitored at 214 nm, after separation by HPLC. This was performed using a Hewlett Packard HP1100 binary pump system equipped with a Micra NPS RP18 reverse-phase column (4.6 Â 33 mm, 1.5 mm particle size) with 0.3% tri¯uoro-acetic acid and 90% acetonitrile as solvents.
Structural comparison
Residues spanning the P 3 -H P segment and the catalytic triads of the complexed structures trypsin-BBI reactivesite loop (Li et al., 1994) , chymotrypsin-eglin c (Frigerio et al., 1992) and chymotrypsin-turkey ovomucoid third domain (Fujinaga et al., 1987) , PDB entries 1smf, 1cho and 1acb, respectively, were selected for a backbone superimposition using the Insight II software (Biosym) for molecular graphics. The r.m.s. deviations for the 1smf-1acb, 1smf-1cho, 1acb-1cho superimpositions are 0.31, 0.44 and 0.26 A Ê , respectively, with the resulting structures illustrated in Figure 3 .
